Dry band formation on the surface of outdoor insulators is one of the main reasons leading to flashover and power outages. In this paper, a dynamic arc model is proposed for single and multiple dry bands configuration to predict the critical flashover voltage for silicone rubber outdoor insulators. An arc is modelled as a time dependent impedance consisting of a Resistor Inductor Capacitor (RLC) circuit. The effect of dry band location and existence of multiple dry bands on critical flashover voltage is investigated. To validate the proposed model, experiments were conducted in a climate chamber under controlled environmental conditions on rectangular silicone rubber sheets polluted using improved solid layer method based on IEC 60,507. Tests were conducted at different dry band configurations and pollution severity levels. A good correlation was found between experimental results and simulation results. This model can provide a good foundation for the development of mathematical models for station post insulators having multiple dry and clean bands and can be used in the design and selection of outdoor insulators for polluted conditions.
Introduction
The performance of outdoor high voltage insulators is of high importance for the secure and reliable operation of power system. Outdoor insulators are exposed to various types of stresses during operational environments (electrical, mechanical, environmental, thermal, chemical, etc.). Air pollution is considered one of the considerable problems leading to insulator flashovers. Pollution accumulation on the surface of an outdoor insulator is dependent on the insulator material, inclination, surface wetness along with other chemical and physical properties of the insulator [1] . The contamination affecting the characteristics of outdoor insulators is either in the form of gases e.g., H 2 S, NH 3 , conductive solids, such as NaCl, MgCl 2 , CaSO 4 , or inert materials, such as dust particles. The first two types of contamination effect the surface conductivity of insulator while the third type of pollutant affect the mechanical properties of insulator [2, 3] . During rain, cold fog and moist, surface of insulator becomes wet and the solvable pollutants dissolve in water resulting in the flow of leakage current, dry band formation and under certain operating conditions may lead to flashover and power outages. Flashover process of porcelain and glass insulators have been pervasively investigated in literature [4, 5] . Mathematical models exists in literature for the prediction of flashover voltage and other parameters for porcelain and glass insulators [6] [7] [8] [9] .
During the last few decades, polymeric insulators are substituting porcelain and glass insulators in power systems due to their superior hydrophobic properties. It has been reported in literature that the flashover process of hydrophobic insulators is different than hydrophilic insulators [10] [11] [12] . The arc propagation and pre-flashover conditions for porcelain and glass insulators are well understood but the same does not apply to polymeric insulators [13] . Due to the dynamic surface properties of polymeric insulators, various implications exist in developing of standardized tests and procedures to appraise the performance of polymeric insulators under contaminated conditions [14] . The flashover process of silicone rubber insulators was first investigated experimentally in [10] [11] [12] . Due to hydrophobicity transfer characteristics of silicone rubber, low molecular weight (LMW) molecules diffuse through the surface and pollution layer. A thin oil like layer forms on the top of the pollution layer which resist the formation of uniform water layer and leads to the formation of water droplets on the insulator surface. The electric field intensity at the triple junction (water droplet, air and dielectric surface) is high due to the high permittivity of water as compared to surrounding air and silicone rubber [15, 16] . Neighboring droplets merge with each other due to the elongation under applied electric stress. Partial arcs appear between neighboring filaments leading to loss of surface hydrophobicity and longer wet regions along the surface. These partial arcs may elongate further leading to flashover under certain conditions. A block diagram representation of the flashover process of silicone rubber outdoor insulators is shown in Figure 1 . The amount of pollution deposited on the insulator surface and its distribution is dependent on various parameters e.g., surface roughness, insulator orientation, distance from the pollution source, wind speed and direction etc. The distribution of pollution on the insulator surface may not be uniform resulting in non-uniform current density and electric field distribution.
The non-uniformity of leakage current density leads to the formation of dry regions along the insulator surface called 'dry bands'. Dry band formation and resulting discharges is closely related to flashover of insulators. Dry band formation was first studied by Hampton [17] by establishing a relation between applied voltage and dry band resistance. The critical temperature and electric field required for the formation of dry band was investigated by Salthouse [18] and concluded that the dry band width and growth is closely related with the amount of power dissipated in the dry region. A relation between dry band width and temperature was investigated in [19] . Dry band formation along the insulator surface effect the flashover process significantly. A partial arc model is proposed in [20] to predict the flashover voltage of polluted insulators under dry band conditions and concluded that due to partial arcs along the insulator surface, probability of flashover increases. The influence of dry band formation, location and width on the arc inception and flashover voltages were investigated in our previous work [21] [22] [23] . These results indicate that dry band formation increase the inception and flashover voltage of polymeric insulators however, the influence of dry band arcing on surface hydrophobicity and ageing cannot be predicted from these tests. Mathematical models have been developed for ice-covered insulators in the past to model the effect of air gap width, location and number on the withstand characteristics [24] [25] [26] . According to authors knowledge no previous mathematical model incorporates the influence of dry band location and multiple dry bands on the flashover characteristics of polluted polymeric insulators. This paper proposes a new mathematical model for prediction of flashover voltage of silicone rubber insulators under contaminated and dry band conditions. The mathematical model was verified by performing extensive experiments in the laboratory.
Mathematical Model
Flashover of polluted outdoor insulators is a multifaceted process and various models have been proposed to explain the process of pollution flashover and predict flashover voltage [17, 18, 27, 28] . These models are generally divided into two types: static models [27, 29] and dynamic models [30] [31] [32] [33] [34] Static models are based on the Obenaus model which considers an arc in series with a residual resistance. Dynamic models consider arc as a time dependent impedance consisting of an RLC circuit. Most of the existing mathematical models for polluted outdoor insulators consider a single arc (dry band) on the insulator surface near the energized electrode due to the increase intensity of electric field near that region. From our experimental results, it was observed that dry band formation is dependent on various other parameters and may form anywhere on the insulator surface. Mathematical models for multiple arcs (air gaps) have been developed in the past for ice-covered insulators [35] [36] [37] . A new dynamic model for multiple arcs along the surface of polluted insulators have been recently proposed in [38] under impulse voltage conditions. However, this multi-arc model does not consider the dry band location and power frequency voltage. Furthermore, the arc is modelled as RC circuit in [38] instead of RLC and the electromagnetic energy stored and radiated by the arc channel is neglected. In this paper, a modified multi-arc model is proposed by considering the inductive effect of arc and the dry band location.
Single Dry Band near High Voltage Electrode
Mathematical models for plate insulator samples, having a single dry band in series with polluted bands, have been proposed by many researchers in the past. It is presumed that dry band forms near the electrode ends due to the high electric field intensity at these regions. However, experimental results show that dry band may form at other regions along the insulator surface due to the non-uniform pollution deposition. In the case of polymeric insulators, formation of water droplets and their subsequent elongation may result in multiple partial arcs along the insulator surface. In this section, a single dry band near the high voltage electrode is considered. A schematic diagram of a single dry band in series with pollution layer along a rectangular insulator sample is shown in Figure 2 . The electrical equivalent circuit for a dry band near high voltage electrode is similar to that proposed by Dhahbi [6] and is shown in Figure 3 . The voltage current characteristics of a uniformly polluted sample show that the phase angle difference between voltage and current is negligible.
This leads to the conclusion that pollution layer is resistive in nature and the polluted band impedance can be replaced by resistance. where:
The above equations can be rearranged to obtain the state space representation as given below:
These state space equations are used to calculate arc current and subsequently flashover voltage.
Single Dry Band near Ground Electrode
The likelihood of dry band development is high near the electrode ends due to the increased electric field intensity at these locations. The flashover voltage for a dry band located near the ground end was found to be higher than high voltage end dry band [21] . To model the effect of a dry band located near the ground electrode, the configuration shown in Figure 4 was considered. The electrical equivalent circuit of a ground end dry band configuration is shown in Figure 5 . 
The state space representation for this model is given below:
To determine the arc characteristics, it is important to find the relations of different circuit elements. The resistance of the arc channel is a function of arc length and is a time dependent quantity. The arc channel resistance can be calculated from Mayer's equation [39] .
where:
The value of time constant τ and static arc constant are 100 µs [34] and 340 [40] , respectively. The inductance of arc channel is calculated from the simplification used for long air gaps [41] . It has been reported in [42] that if the end effects are not considered, the inductance per unit length of an arc channel is the sum of two inductances: inductance due to the stored electromagnetic energy in the arc channel and inductance due to the electromagnetic field radiation of the current flowing through the channel. The combine inductance of an arc channel is given by:
where D f is the distance far from the discharge at which the electromagnetic field is zero and r x is the radius of arc channel [43] .
Capacitance of the arc channel is calculated using the spherical approximation as proposed in [44] .
w is the insulator width. The resistance of the polluted band is calculated using Wilkins model for a plat sample [43] .
The arc propagation criteria proposed in [45] is employed to calculate the minimum flashover voltage. dP x dx > 0
where: P x : Arc power supplied by the source 2.3. Single Dry Band in the Middle Region Figure 6 shows the sample configuration of a single dry band at the middle region of insulator surface. This model can be represented as combination of two single arcs as shown in Figure 7 . The electrical equivalent circuit for the two arc model is shown in Figure 8 . For this configuration it is assumed that the arc initiate at the middle region and propagate in both directions. 
where: Figure 9 shows the sample configuration of an insulator having two dry bands. This configuration can be divided into two single arc model similar to Figure 2 and shown in Figure 10 . The electrical equivalent circuit for the two arc model is shown in Figure 11 . Figure 12 shows the sample configuration of a three dry band model having a dry band near both electrodes and at the middle region. The electrical equivalent circuit is shown in Figure 13 . 
Two Dry Bands
V ap (t) = I x1 (t)R x1 (x, t) + L x1 dI x1 (t) dt + V c1 (t) (18) I x1 (t) = C x1 dV c1 (t) dt − V c1 R p1 + R p2 + V c2 R p1 + R p2 (19) V c2 (t) = I x2 (t)R x2 (x, t) + L x2 dI x2 (t) dt (20) I x2 (t) = C x2 dV c2 (t) dt − V c1 R p1 + R p2 + V c2 R p1 + R p2 . (21)      dI x1 dt dI x2 dt dV c1 dt dV c2 dt      =       − R x1 L x1 0 − 1 L x1 0 0 − R x2 L x2 0 1 L x2 1 C x1 0 1 R p C x1 − 1 R p C x1 0 1 C x2 1 R p C x2 − 1 R p C x2            I x1 I x2 V c1 V c2      +      V ap L x1 0 0 0      (22)
Three Dry Bands
Based on the above mathematical expressions, a simple algorithm was used to compute the critical flashover voltage under various dry band conditions. The proposed algorithm was implemented in Matlab to calculate flashover voltage. The algorithm is represented as a flow chart as shown in Figure 14 . Sample dimensions, pollution layer conductivity and configurations, applied voltage, and certain initial conditions were used as input parameters. If the arc propagation criteria described above is not fulfilled, the voltage is increased further until the arc propagates and flashover occurs. Figure 15 shows the experimental setup used to prove the validity of the proposed model. HTV silicone rubber sheets of 10 cm length, 4 cm wide, and 0.6 cm thick were used for experiments. Samples were energized inside a climate chamber under different climate conditions (ambient temperature, relative humidity and fog rate). The samples were energized using a 50 Hz, 0-100 kV power transformer. Various samples were prepared with different ESDD and NSDD levels and dry band configurations. 1 cm wide clean and dry bands were inserted near the ground electrode, energized electrode and in the middle region. Figure 15 . HV test setup. Figure 16 shows the sample configurations used for experiments. Further details about artificial pollution and high voltage test method can be found in our previous work [22] . 
Model Validation

Experimental Setup
Results and Discussions
To validate the mathematical model, a comparison of simulated and experimental result was carried out at different pollution severity levels and dry band locations. The flashover voltage of a uniformly polluted silicone rubber sheet at various ESDD values is shown in Figure 17 . The flashover voltage decreased as the pollution severity level increased. Figure 17 also shows that the experimental and simulation results are in good agreement. For ESDD values greater than 0.30 mg/cm 2 change in flashover voltage is less noticeable as compared to low values of ESDD which may be due to the saturation of surface resistance of pollution layer. Figure 18 shows the experimental and simulation results for a sample configuration where a single dry band of 1 cm width is located near the energize electrode. A decrease in flashover voltage was noticed with increase in ESDD. The difference between simulation and experimental results is high at lower values of ESDD and become negligible at higher values. However, overall a good agreement was found between experimental and simulation results. Figure 19 shows simulation and experimental results of critical flashover voltage when a 1 cm dry band is located at the ground electrode. The flashover voltage found in this case is higher than the high voltage end dry band configuration. This difference in flashover voltage can be attributed to the low arc propagation velocity and arc current in the case of ground end dry band. Overall, the simulation and experimental results were in good agreement. Figure 20 shows simulation and experimental results for a sample having 1 cm dry band located in the middle of the sample. It was noticed from experimental results that the flashover voltage is higher for middle region dry band than the other two cases (ground and energized end). This might be due to the arc propagation in both directions after originating from the middle region. The difference between simulation and experimental results were found to be higher in this case as compared to uniform pollution layer and high voltage end dry band. This difference in flashover voltage may be due to the uncertainty of arc propagation in either direction in the case of middle dry band. Figure 21 shows the flashover voltage for a two dry band model. Dry bands of 1 cm width were created near the energized and ground electrode. As expected, a decrease in flashover voltage occurs with increase in ESDD. The experimental and simulation results were found to be in good agreement at higher values of ESDD. At lower values of ESDD, the experimental values of flashover were found to be lower than simulation results. There can be various reasons for the difference between experimental and simulation results such as manual application of pollution, change in hydrophobicity due to room temperature and other tests conditions. Figure 22 shows experimental and simulation results of a three dry band model. Flashover voltage decreased with increase in ESDD values. The flashover voltage of a three dry band configuration was found to be higher as compared to single and two dry band configurations. The experimental and simulation results were in good agreement, which validates the accuracy of our proposed mathematical model. 
Conclusions
A dynamic arc model was developed and validated in this paper for single and multiple dry bands. The model was tested for different polluted conditions and dry band configurations. The obtained simulation results were in good agreement with experimental results. The mathematical model presented here has the ability of predicting the flashover voltage of polluted insulators by considering the dynamic nature of flashover arc. The influence of dry band location on critical flashover voltage was also studied using the proposed model. For a single dry band configuration, the maximum discrepancy was found to be between 1.8% and 5%. In the case of multiple dry bands, the discrepancy was found to be between 1.7% and 4.6%. The proposed dynamic arc model offers the advantage of predicting critical flashover voltage for different dry band location and considering the inductive effect of flashover arc which was not considered in the existing dynamic arc models. This work can be extended to real insulators under operation conditions by considering insulator form factor in the mathematical model. This will help scientists and engineers in the design and selection of high voltage outdoor insulators for polluted conditions. Furthermore, this model can be used to predict the critical flashover voltage of station post insulators installed in polluted environments where the possibility of multiple dry band formation is very high. 
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